Abstract Childhood obesity is a worldwide health concern with a multifaceted and sometimes confounding etiology. Dairy products have been implicated as both proand anti-obesogenic, perhaps due to the confounding relationship between dairy, lactose consumption, and potential genetic predisposition. We aimed to understand how lactase persistence influenced obesity-related traits by observing the relationships among lactose consumption, a single nucleotide polymorphism (SNP) near the lactase (LCT) gene and body composition parameters in a sample of multiethnic children (n = 296, 7-12 years old). We hypothesized that individuals with the lactase persistence (LP) allele of the LCT SNP (rs4988235) would exhibit a greater degree of adiposity and that this relationship would be mediated by lactose consumption. Body composition variables were measured using dual X-ray absorptiometry and a registered dietitian assessed dietary intake of lactose. Statistical models were adjusted for sex, age, pubertal stage, ethnic group, genetic admixture, socio-economic status, and total energy intake. Our findings indicate a positive, significant association between the LP allele and body mass index (p = 0.034), fat mass index (FMI) (p = 0.043), and waist circumference (p = 0.008), with associations being stronger in males than in females. Our results also reveal that lactose consumption is positively and nearly significantly associated with FMI.
Introduction
Childhood obesity and associated cardiometabolic disease risk continue to rise at an alarming rate in the United States (Ogden et al. 2006) . Much of the excess weight gain in obese individuals is comprised of adipose tissue, resulting from various factors, including the abundant accessibility of calorie-dense, nutrient-poor foods (Bouchard 1991) . While an overall chronic positive energy imbalance contributes to increased adiposity, evidence suggests that specific micro and/or macronutrients in the diet can also play significant roles in altering body composition (Swinburn et al. 2006; Hanks et al. 2010) . For example, our laboratory has recently shown a positive indirect relationship between calcium and total body fat in children, mediated via resting energy expenditure (Hanks et al. 2010) . While other populations may chiefly derive calcium from other sources (Murakami et al. 2006) , dairy is the primary source of calcium in the United States diet. Dairy is also a main source of the disaccharide lactose, that is, ''milk sugar''(I.O.M. 2010), although secondary sources of lactose exist (Matthews et al. 2005) . The lactase enzyme is essential for the metabolism of lactose (Buzinaro et al. 2006) , and the persistence of this enzyme throughout adulthood is strongly genetically controlled.
Lactase production typically diminishes overtime, eventually resulting in an inability to digest and utilize lactose, known as lactose intolerance (LI). In mammals, including most humans (Swallow et al. 2001) , LI is experienced sometime after weaning due to tight regulation of LCT throughout development. This regulation allows for nominal lactase expression during the fetal stage, abundant expression at birth, and a progressive decrease in expression overtime in a majority of individuals. However, among certain populations, the ability to digest lactose persists across the lifespan (Büller et al. 1990; Lacey et al. 1994; Sebastio et al. 1989) .
Lactase persistence, in some individuals, is highly associated with a particular single nucleotide polymorphism (SNP) located 13,910 base pairs upstream from the site of lactase transcription (Swallow et al. 2001 ). This SNP is variable for either cytosine (C) or thymine (T) and is located within intron 13 of the MCM6 gene on chromosome 2 (Wang et al. 1995 (Wang et al. , 1998 . The ''C'' variant functions as a cis-element down-regulator by coding for a binding motif that affects an AP2 site on the lactase gene promoter causing delayed transcription and decreased lactase production. The ''T'' variant disrupts this binding motif and allows lactase production to occur at a rapid pace. Thus, the presence of a ''T'' variant is associated with unhindered gene transcription and lactase production, whereas a homozygous genotype for the ''C'' variant is associated with dysfunctional lactase production which results in lactose intolerance (Enattah et al. 2002; Olds and Sibley 2003) .
The distribution of this allele is varied across human populations. The frequency of the lactase persistence (LP) allele is most common in people of European ancestry as well as some African, Middle Eastern, and Southern Asian groups; however, it is nearly absent in the rest of the world (Itan et al. 2010) . There is strong evidence that the selective pressures that led to the LP allele being common in these geographic regions originated from the dairying practices begun by early European and West Asian farmers \10,000 years ago (Bersaglieri et al. 2004; Scrimshaw and Murray 1988) . This and other lactase persistence alleles found in African and other populations (Imtiaz et al. 2007; Ingram et al. 2007; Tishkoff et al. 2007 ) likely conferred a selective advantage by providing an additional source of energy and preventing the malabsorption of dairy nutrients associated with lactose (Debongnie et al. 1979) .
While the LP allele may have been beneficial in the context of limited caloric resources, in modern American society, individuals with the lactase persistence allele may experience adverse health consequences since the production of lactase allows for more efficient nutrient absorption from dairy and other ingested foods and, thereby, lead to an increased BMI. Previous studies have confirmed a positive association between the LP allele and BMI (Kettunen et al. 2010; Corella et al. 2011; Almon et al. 2012) ; however, in children, association studies have shown increased dairy consumption in carriers of the LP allele but no marked association with BMI levels (Almon et al. 2010) . Additionally, others have described a negative association between dairy intake, regardless of fat content, and BMI (Slyper and Huang 2009) , further implicating dairy products as both pro and anti-obesogenic (Remesar et al. 1999; Berkey et al. 2005; Skinner et al. 2003; Lehtimäki et al. 2006) . In an attempt to further understand the complex relationships among lactose intake (rather than dairy alone), genetic variation and body composition, we evaluated if individuals with the lactase persistence (LP) allele of the LCT SNP (rs4988235) would exhibit a greater degree of adiposity, potentially mediated by lactose consumption.
Methods and procedures

Study participants
The sample included 296 participants ranging from 7-12 years of age, classified by parents as AfricanAmerican (AA; n = 100), European-American (EA; n = 116), or Hispanic-American (HA; n = 80). The study was a cross-sectional study evaluating population differences in health-related outcomes, and participants were randomly recruited through flyers, local media advertisement, public health fairs, and word of mouth from the greater Birmingham, AL metropolitan area. Given the health disparity focus of the study, and based on the US Census 2000 estimates of 1.8 % HA, 36 % AA and 60 % EA, Hispanic-Americans were overrepresented, and European-Americans were underrepresented in this sample (U.S.C.B. 2000). Physician examination determined that all participants had no medical diagnoses that would affect body composition, and that all participants were pubertal stage B3 (Marshall and Tanner 1968 
Socioeconomic status
Because socioeconomic status (SES) plays a role as an environmental factor influencing dietary intake and adiposity, the Hollingshead 4-factor index of social class (Cirino et al. 2002 ) was used to determine SES. The SES score was calculated from a combination of educational attainment and occupational prestige for all working parents in the child's family. Scores range from 8 to 66, with higher scores indicating higher SES.
Dietary recall
A registered dietitian conducted two 24-h dietary recalls on subjects. Portion sizes were determined by providing cup and bowl size estimates, and each recall was performed in the presence of at least one parent. A registered dietitian entered dietary data into the Nutrition Data System for Research version 2006 (Nutrition Coordinating Center, University of Minnesota, Minneapolis, Minnesota), and the values from both visits were averaged for analysis. Three dietary variables were considered in the study: (a) total daily energy intake expressed in total kcal/day, (b) total daily lactose intake expressed in g/day, and (c) percent calories from lactose, defined as (lactose kcal/total kcal)9100. Although dairy intake was collected as five categories (yogurt, low fat milk, full fat milk, cheese, ''other dairy'') based on the number of servings of each item, dairy variables were not utilized in this study since one serving of dairy was not equivalent in lactose, calories, or quantity to another form of dairy serving (data not shown). Therefore, combining servings across dairy categories in order to appreciate total dairy intake would not result in consistent measures of lactose, calories, or quantity.
Genotyping and Hardy-Weinberg equilibrium A blood draw was used to obtain DNA from all participants. Genotypes for the LCT SNP (rs4988235-C/T) were determined by the Illumina Golden Gate assay at the UAB Heflin Genotyping Core. The SNP was tested for HardyWeinberg equilibrium in the entire sample, and within each ethnic group using SAS (SAS version 9.2 software; SAS Institute, Cary, NC).
Genetic admixture analysis
Genetic admixture was determined by genotyping Ancestry Informative Markers (AIMs), performed at Prevention Genetics (Marshfield, WI) using the Chemicon Amplifluor SNPs Genotyping System coupled with Array/Tape technology as previously described (Casazza et al. 2009 ). A panel of 142 AIMs (Klimentidis et al. 2011 ) was used to estimate the genetic admixture proportions of each subject. The information provided by these markers reveals each subject's estimated admixture percentage for geographically separated West African, Amerindian, and European parental populations by using the maximum likelihood algorithm described by (Parra et al. 1998 ).
Statistical analysis
The frequency of the ''T'' variant (LP allele) for the LCT SNP was determined in the total sample and within each ethnic group. The allele was then tested for association with body composition and anthropometric measures using the dominant genetic model as opposed to the additive model due to the sufficient biological activity of lactase with only one copy of the ''T'' allele (Kettunen et al. 2010) . Thus, C/T and T/T genotypes were represented as LP, and C/C was represented as non-LP in the data set. After failing tests for normality, the following variables were either logtransformed or inverse-transformed: BMI, FMI, BMCi, percent total fat, leg adiposity, percent leg fat, trunk adiposity, percent trunk fat, and waist circumference. Linear regression analysis was used to evaluate the association between the LCT SNP and body composition and anthropometric measures, after adjusting for the following covariates: Tanner stage, sex, age, ethnic group, total daily energy intake, genetic admixture, and socioeconomic status. The SNP was tested in the entire sample first and then tested within each ethnic group and sex to determine if any significant differences existed among groups. Additional correlation and t-tests were run to compare measures of lactose consumption among population sub-groups in our sample. The association of the SNP with BMI was tested first. Then, each body mass component was tested individually in order to determine if any particular component was driving the association with BMI. Additionally, FMI, LMI, and BMCi were used to better understand the body mass partitioning. The remaining body composition and anthropometric variables were used to further explore the relationship between said variables and the LCT SNP.
Results
Allele frequency and Hardy-Weinberg equilibrium
The frequency of individuals with at least one LP allele (along with sample characteristics) was tabulated in the entire sample and within ethnic groups, as shown in Table 1 .
The LCT SNP was tested for Hardy-Weinberg equilibrium (HWE) in the entire sample and within each ethnic group. In the entire sample, the LCT SNP was not in Hardy-Weinberg equilibrium (p \ 0.0001); however, the LCT SNP was in Hardy-Weinberg equilibrium within each of the ethnic groups (EA: p = 0.277; AA: p = 0.823; HA: p = 0.1055).
Association of body composition with LP allele
Our analysis started with exploring the relationship between the LP allele and BMI in the context of the previously described model (Table 2) . A significant (p = 0.034), positive association between the LP allele and BMI was found in the entire sample (Table 2 ). This association was significant among males (p = 0.045), but not females (p = 0.372) ( Table 3) . Although the associations between the LP allele and BMI were positive in all three ethnic groups, none were statistically significant (Table 4) .
Next, our analyses sought to elucidate the association of the allele with bone (BMCi), adipose (FMI), and lean tissues (LMI). In the overall sample, FMI was the only component that demonstrated a positive, significant association with the LP allele (p = 0.043), with neither LMI (p = 0.588) nor BMCi (p = 0.345) displaying significant relationships (Table 2 ). In EAs (Table 4) , FMI trended toward significance (p = 0.081), and LMI was positively associated (p = 0.024) with the LP allele. In AAs and HAs, none of the tissue compartments showed a significant or near-significant relationship with the LP allele. In males, FMI was significantly associated (p = 0.012) with the LP allele but was not associated with the other tissue compartments, while in females, there were no significant associations with any of the tissue compartments (Table 3) . The significant association between FMI and the LP allele in the entire population and in males led to the dissection of FMI into body compartments with the intention of understanding the distribution of adipose tissue associated with the LP allele. In the entire sample, a significant association was found between the LP allele and leg adiposity (p = 0.032), as well as leg adipose percentage (p = 0.018). Moreover, the association with trunk adiposity trended toward significance (p = 0.094), while a significant association was found for trunk adipose percentage (p = 0.044) ( Table 2) . Among EAs and AAs, we found no association between the LP allele and any adipose compartments; however, among HAs, the LP allele trended toward a significant association with leg adiposity (p = 0.097), trunk fat (p = 0.072), and trunk adipose percentage (p = 0.063) ( Table 4) . Among males, a positive significant association was observed between the LP allele and leg adiposity (p = 0.033), leg adipose percentage (p = 0.026), trunk adiposity (p = 0.046), and trunk adipose percentage (p = 0.017). In contrast, no associations were found among females between any of the adipose-related body compartments and the LP allele (Table 3) .
In the entire sample, a significant positive association was found between the LP allele and waist circumference (p = 0.008) ( Table 2 ). None of the ethnic groups individually displayed a significant association with waist circumference; however, waist circumference in males was positively associated (p = 0.045) with the LP allele, while in females it was not (p = 0.269) ( Table 3) . Association of LP allele with lactose consumption Analysis of dietary lactose intake was also conducted in the entire population. Positive correlations existed between the LP allele and percentage of total calories from lactose (p = 0.010), and between percentage of total calories from lactose and FMI (p = 0.0005). The association between total daily lactose intake and BMI trended toward significance (p = 0.083), whereas no correlation existed between total daily lactose intake and BMCi (p = 0.756). In multiple linear regression analyses of the same variables, a significant positive association was observed between the LP allele and percentage of total calories from lactose (p = 0.017). Further evaluation included an interaction term between the LP allele and percentage of total calories from lactose, which was also significant (p = 0.025). The association between percentage of total calories from lactose and FMI trended toward significance (p = 0.056). No significant association was found between percent lactose intake and BMI (p = 0.289) or between lactose intake and BMCi (p = 0.280).
T-tests were conducted in the entire population and by gender in order to compare lactose intake between LP and non-LP groups and to compare total daily energy intake between the two groups (Table 5 ). In the overall population, LP individuals consumed significantly more lactose (p = 0.001) but not more overall calories (0.1401) than non-LP individuals. LP males consumed significantly more lactose (p = 0.003) but not more overall calories than non-LP males (p = 0.276). LP females nearly consumed significantly more grams of lactose (p = 0.058) but did not consume more calories than their non-LP counterparts (p = 0.221).
Discussion
The etiology of obesity in the US is complex (McAllister et al. 2009 ). Given the alarming rate of childhood obesity and related cardiometabolic complications (Ogden et al. 2006) , the consideration of less traditional factors influencing obesity is paramount. This study provides insight into the relationships between lactase persistence (assessed via the LCT SNP), lactose intake, and their potential effects on variation in levels of total body fat, lean, and bone mass. We further qualified fat distribution by evaluating specific depots, particularly in the trunk and leg regions. In the overall sample, our data suggest that children carrying the LP allele are more likely to have a higher BMI than those without the allele, especially in boys, and that the distribution of added weight corresponded to adipose tissue in the legs and waist.
The gender differences observed in our results are of interest. It was found that male LP allele carriers exhibited significantly increased BMI, FMI, leg adiposity, trunk adiposity, and waist circumference, whereas none of these associations were significant in females. Other groups have similarly confirmed a significantly lower dairy consumption in females when compared to males in adolescent cohorts (Larson et al. 2006) .When considering that girls consumed less lactose than boys, it could be possible that the association between LP allele and adiposity measures responds to a potential threshold effect of lactose consumption that was not achieved for girls in our sample. This explanation, although potentially feasible, will require further scientific investigation that goes above and beyond the scope of this study.
Our results suggest that LP allele carriers in our overall sample have higher BMIs and greater FMI than their non-LP counterparts. LP allele carriers' ability to produce lactase provides the gastrointestinal tract with the enzyme that permits the utilization of calories in lactose and associated ingested foods. Since overall caloric intake between the LP and non-LP groups did not differ, it is possible that the significant observed differences in BMI between the two LP allele groups may have more to do with non-LP carriers' inability to digest lactose than the LP carriers' ability to take advantage of the calories in lactose. Non-LP carriers retain ingested and undigested lactose within the gut, causing an osmolality imbalance, potentially leading to the malabsorption of not only lactose, but also of any associated ingested nutrients (Swallow et al. 2001; ObermayerPietsch et al. 2007 ). Therefore, lactose and concurrently ingested nutrients may pass through the gut without being effectively absorbed, resulting in decreased caloric utilization of ingested foods and a lower average BMI.
Similar findings have been previously reported that support our data. For example, Lehtimäki and colleagues (Lehtimäki et al. 2006) reported that LP individuals consumed significantly more dairy than their non-LP counterparts; however, their findings cannot necessarily be transferred into lactose consumption. Through our vast experience evaluating dietary data from recalls, we understand that one serving of dairy is not necessarily equivalent to a particular amount of lactose, calories, or quantity to another form of dairy serving. Given that dairy products form a foundational part of the USDA nutritional guidelines, and multiple servings per day are recommended to the general public (USDA 2012), our results bring to the forefront the need to consider individual's genetic makeup when developing individual therapies to overcome excessive body fat accumulation.
Recent concerns have arisen for non-LP individuals with the emergence of ''hidden'' lactose that is added to foods and drinks without appearing on the label. Because lactose has nearly one-sixth the sweetness of sucrose (common table sugar) and lactose is not easily metabolized by yeast, it can be added to foods and drinks without producing carbon dioxide or an unpleasant taste. In the United States, production of lactose increased more than fivefold between 1979 and 1999 alone (Matthews et al. 2005) . Lactose is used in food as a browning agent in bread and cake mixes and is added to processed meats, chicken, and several types of drinks (Matthews et al. 2005; NIDDK) . The lactose introduced into many of these common non-dairy foods may lead to unnoticed malabsorption of nutrients in non-LP individuals and contribute to the lower observed BMI in non-LP allele carriers.
One of the primary strengths of this study was the use of dietary lactose, rather than merely dairy intake, in our analyses. This aspect is of great importance and potentially provides a more direct link to understanding the role of the LCT gene and lactase production on BMI. While several other studies (Almon et al. 2010; Corella et al. 2011 ) have used dairy intake to elucidate the effects of the LCT gene on BMI, we consider counting servings of dairy to be potentially misrepresentative since dairy products can have a variety of calories, quantity, and lactose content, as previously mentioned. Other strengths of our study include an ethnically diverse sample, the inclusion of admixture estimates to control for population stratification, and very detailed body composition and anthropometric measurements.
Study limitations include the use of the 24-h dietary recall that may not give an ideal long-term picture of food intake (Johnson 2002) . Additionally, the reliability of a small sample size and cross-sectional analysis should be kept in mind when interpreting the results of this study. Moreover, the results for this study were derived from one geographical location and may not apply equally in other contexts. Regardless of our attempts to control for potential cultural biases associated with the main variables of the study, we recognize that cultural variability cannot just be modeled by ethnic classification and socioeconomic status alone, and that our data are limited by lack of other cultural factors that could impact the relationships among LP genetic variation, lactose intake, and fat accumulation. Finally, we have only tested one of several LP alleles. Other LP alleles have arisen independently in other groups (Imtiaz et al. 2007; Ingram et al. 2007 Ingram et al. , 2009 Tishkoff et al. 2007; Büning et al. 2004; Itan et al. 2010) . It is possible that not all individuals who lack the particular LP allele tested are in fact lactose intolerant. However, given the likely ancestral background of the participants in this study, and the origin of the other LP alleles (East Africa and Middle East), this limitation may not constitute a major concern.
The LP allele of the LCT SNP may contribute to the complexity of today's novel and obesogenic environment. This SNP is primarily studied in adults and extensive research has been lacking in children. Future studies will need to confirm and refine the findings of our research and examine in greater detail the potential physiological mechanisms by which this allele may interact with dietary intake to affect body composition and health outcomes.
